Antipodal Effects of p25 on Synaptic Plasticity, Learning, and Memory—Too Much of a Good Thing Is Bad  by LaFerla, Frank M. & Kitazawa, Masashi
The observations of MacLean et al. have another
potentially interesting implication for the relationship
between sensory processing and spontaneous activity.
Sensory information typically reaches the neocortex via
thalamic input, where it evokes activity in neuronal net-
works of the sensory cortex. If we extend the conclu-
sions of the study by MacLean et al. to the in vivo setting,
the suggestion would be that the activity evoked by sen-
sory input via the thalamus is similar to that arising spon-
taneously. In other words, UP state spontaneous activity
may, in part, be a replay of evoked sensory activity. The
neocortex in vivo, however, is likely to have additional
degrees of freedom through the numerous long-range
interactions in the brain. It will therefore be of great im-
portance to investigate whether similar phenomena oc-
cur in vivo by applying this imaging technique to the in-
tact neocortex (Stosiek et al., 2003; Kerr et al., 2005).
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DOI 10.1016/j.neuron.2005.11.025Figure 1. Similar Neuronal Dynamics Can Occur during Spontane-
ous and Thalamic Evoked Activity
(A) Cortical pyramidal neurons are schematically represented as tri-
angles with attached apical dendrites. Colored neurons are active
during spontaneous and evoked activity, whereas gray neurons do
not participate.
(B) Schematic representation of action potential (AP) activity in the
cortical neurons over a brief period of time, during which a spontane-
ous UP state occurred. Each line represents a different color-coded
neuron.
(C) The results of MacLean et al. (2005) indicate that stimulation of
the thalamus can evoke a similar pattern of activity in the cortex. A
common core of neurons (red, magenta, green, and cyan color-
coded neurons) is activated by the thalamic stimulus in the same
temporal pattern as the spontaneous activity.
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711Antipodal Effects of p25
on Synaptic Plasticity, Learning,
and Memory—Too Much of a Good
Thing Is Bad
Elevated activity of the Cdk5/p25 complex has been
implicated in the pathogenesis of Alzheimer’s disease.
The report by Fischer and colleagues in this issue of
Neuron describes a dichotomous role for the activator
protein p25 in synaptic plasticity, learning, and mem-
ory, whereby transient expression in transgenic mice
produces beneficial effects, but prolonged expression
is detrimental. This work demonstrates the complexity
of Cdk5/p25 in neuronal function and shows that dys-
regulation of a factor involved in plasticity can cause
neurodegeneration.
Alzheimer’s disease (AD) is the leading cause of demen-
tia among the elderly and is neuropathologically charac-
terized by two obligate lesions: extracellular amyloid
plaques comprised of the small amyloidogenic Ab pep-
tide, and intraneuronal neurofibrillary tangles (NFTs)
composed of aggregates of the hyperphosphorylated
tau protein. The genesis of the Ab peptide involves the
endoproteolytic cleavage of its precursor protein, APP,
at two sites, referred to as the b- and g-secretase sites.
In contrast, the genesis of NFTs is less well described.
The tau protein plays a crucial role in the stabilization
of microtubules. Tau can be phosphorylated at multiple
residues, and excessive phosphorylation has deleteri-
ous consequences, leading to microtubule destabliza-
tion and the build up of tau aggregates in the neuronal
cell body, forming NFTs. Many kinases have been impli-
cated in the phosphorylation of tau, including glycogen-
synthetase kinase-3b and cyclin-dependent kinase 5
(Cdk5), which are also referred to as tau protein kinase
I and II, respectively.
Cdk5 is a member of the family of proline-directed pro-
tein kinases, and this small kinase is robustly expressed
Neuron
712in postmitotic neurons, where one of two proteins, p35
or p39, is capable of binding to and thereby activating
Cdk5 (Dhavan and Tsai, 2001). Cdk5 activity is required
for development of the CNS, as Cdk5 or p35 knockout
mice exhibit cortical lamination deficits and early mor-
tality (w3 months) (Chae et al., 1997; Ohshima et al.,
1996). At the other end of the age spectrum, Cdk5 is
also prominently implicated in the pathogenesis of AD,
presumably because the activator protein p35 is con-
verted to the truncated p25 protein by the calcium-
activated cysteine protease calpain (Lee et al., 2000).
Not only is p25 a potent activator of Cdk5, but it has a
longer half-life (>1 hr) compared to p35 (20–30 min) and
leads to the constitutive activation of Cdk5, particularly
in the cytosol (Patrick et al., 1999). High levels of p25
have been reported in postmortem AD brains (Patrick
et al., 1999; Tseng et al., 2002), although others report
conflicting results (Tandon et al., 2003).
Excessive activation of Cdk5 is deleterious and may
contribute to neurodegeneration. Fischer et al. (2005)
this issue of Neuron) utilized an inducible transgenic
mouse system to address the role of transient and pro-
longed p25 expression in a region-specific fashion in the
CNS of young mice. Inducible expression was required,
as chronic expression of p25 results in extensive hyper-
phosphorylation of tau and severe neurodegeneration
(Ahlijanian et al., 2000; Cruz et al., 2003; Noble et al.,
2003). Inducible transgene expression requires a binary
approach, whereby expression of the target protein (i.e.,
p25) is dependent upon an inducible transactivator pro-
tein, which, in this case, is expressed only in forebrain
neurons, as the CAMKII promoter was used to drive its
expression; the addition of tetracycline (or its analog
doxycycline) is sufficient to repress transcription, and
its removal leads to p25 induction. In a tour-de-force in-
vestigation, the authors carefully evaluated the pheno-
typic consequences of transient and prolonged p25
expression in these mice on synaptic plasticity and
learning and memory.
Fischer and colleagues show that short-term induc-
tion of p25 expression (2 weeks) surprisingly did not
cause any overt neurodegeneration in the forebrain.
Rather, this transient induction of p25 produced many
apparently beneficial effects, including enhanced long-
term potentiation (LTP) and improved hippocampus-
dependent memory. In contrast, p25 expression for
6 weeks was associated with profound neurodegenera-
tion and gliosis, and the mice performed poorly on sev-
eral cognitive measures. Another transgenic line with
lower p25 expression produced comparable, although
less severe behavioral deficits, indicating that the alter-
ation of cognitive function is dependent on p25 levels.
The mechanism that mediates the ability of transient
p25 expression to enhance learning and memory re-
mains unknown. The authors find that LTP is signifi-
cantly higher in 2-week induced p25 mice, but it is mark-
edly reduced with longer induction times. Curiously, the
effects of p25 induction appear to be long lasting, as in-
duction for 2 weeks followed by repression for 4 weeks
still results in higher LTP. Likewise, dendritic spine den-
sity and synapse number are increased by transient ac-
tivation of Cdk5. Despite prominent neuronal loss with
6 weeks of p25 induction, spine density remains high
and is consistent with this being part of a compensatoryresponse to the overall neuronal loss and/or reduced
synaptic activity.
It is now clear that regulated Cdk5 activity is essential
not only for development but also for learning and mem-
ory. A physiological role for Cdk5 in this venue is plausi-
ble, as its activity depends on the short-lived activators
p35 and p39, at least in young mice. Dysregulation ap-
pears to have severe pathological consequences, and
it will be critical to determine whether the authors ob-
serve similar results following induction in older mice.
This last point is critical and may help elucidate the role
of Cdk5 in age-associated pathologies such as AD,
where emerging evidence points to this molecule as
playing a critical role in the neurodegenerative process.
For instance, it has been shown that Ab induces an in-
crease in p25 expression and leads to tau hyperphos-
phorylation (Town et al., 2002). We also recently reported
that p25 levels are increased in brains following LPS-
induced inflammation, causing enhanced tau hyper-
phosphorylation in the 3xTg-AD mouse model; these
effects can be specifically blocked by infusing the Cdk5
inhibitor roscovitine (Kitazawa et al., 2005). The sum of
these studies point to Cdk5 as a central player that links
the two pathologies of AD, and as the current study by
Fischer et al. demonstrates, it is also critically implicated
in memory and plasticity.
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